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Abstract
The extraction of  toluene from heptane was analyzed 
by liquid extraction with 1,3-dimethylimidazolium me-
thylsulfate [MMim][MeSO
4
] ionic liquid, as a solvent. 
The experimental (liquid + liquid) equilibrium (LLE) 
data were determined at T= 318.15 K and atmosphe-
ric pressure.  Selectivity and distribution coefficient, 
derived from the tie-lines, were used to determine the 
ability of  this ionic liquid as solvent for the separa-
tion of  toluene from its mixtures with heptane. The 
degree of  consistency of  the experimental LLE data 
was ascertained using the Othmer–Tobias equation. 
The experimental data for LLE of  the ternary system 
were correlated with the Non-Random Two-Liquid 
(NRTL) and UNIversal QUAsi-Chemical (UNI-
QUAC) thermodynamic models.
Key Words
Liquid-liquid equilibrium, ionic liquids, [MMim]
[MeSO
4
], extraction, toluene.
Introduction
The removal of  aromatic hydrocarbons from gaso-
line to comply with stricter legislative limits in the 
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early 1990s has resulted in a continuous attempt 
to improve current industrial processes for the 
separation of  aromatic compounds [1]. Indus-
trially, the use of  toxic and flammable solvents 
as sulfolane, ethylene glycols or N-methylpyrro-
lidone requires further operations, additional 
investments and energy consumption [2-6]. In 
the last decade, ionic liquids have received great 
attention as solvents in experimental measure-
ments of  LLE in ternary systems [ionic liquids 
+ aromatic hydrocarbons + aliphatic hydrocar-
bons] [7-24]. Among the different groups of  io-
nic liquids, alkylsulfate-based ionic liquids have 
been shown to be less expensive, less viscous, 
more hydrolytically stable, halogen free and 
more environmental friendly than other ionic li-
quids [22, 25]. In this context, alkylsulfate-based 
ionic liquids have emerged as a novel alterna-
tive to traditional organic solvents due to their 
non-volatile nature [26]. Research activities of  
our laboratory comprise, among others, the ex-
traction of  aromatic compounds from aliphatic/
aromatic mixtures using alkylsulfate-based ionic 
liquids as solvent. In previous paper [27], LLE 
of  benzene + (hexane, heptane and cyclohexa-
ne) with 1-ethyl-3-methylimidazolium ethylsulfa-
te, [EMim][EtSO4] at 308.15 K was studied. 
Estudio del equilibrio líquido-líquido de tolueno + heptano con el líquido iónico 
1,3-dimetilimidazolio metilsulfato a 318.15 K
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In this work, LLE for the ternary system 
{heptane(x
1
) + toluene(x
2
) + [MMim][MeSO
4
](x
3
)} 
was determined at T = 318.15 K and atmospheric 
pressure. From the experimental data, selectivity, S, 
and distribution coefficient, ß, were calculated to 
determine the feasibility of  [MMim][MeSO
4
] in sol-
vent extraction processes. The consistency of  tie-
line data was ascertained by applying Othmer–To-
bias equation [28]. The Non-Random Two-Liquid 
(NRTL) and UNIversal QUAsi- Chemical (UNI-
QUAC) models were used to correlate the experi-
mental data for the ternary system studied [29, 30]. 
Figure 1 show the structure of  [MMim][MeSO
4
].
Figure 1. Structure of  1,3-dimethylimidazolium 
methylsulfate ([MMim][MeSO
4
]).
Experimental
Chemicals
 
Toluene and heptane were purchased from Fluka 
with purity higher than 99.5% and 99.9% by mass, 
respectively and used as received, without further 
purification. The [MMim][MeSO
4
] with purity hig-
her than 98%, was obtained from Sigma-Aldrich. It 
was purified by heating in a vacuum at 353.15 K for 
24 h to remove any traces of  volatile components 
including water. Water content was measured using 
a 787 Karl Fischer Titrino, and the ionic liquid 
showed that the mass fraction of  water was less 
than 3.2x10-3. The ionic liquid was kept in bottles 
with inert gas.
The physical properties (density and refractive 
index) of  the pure components at T = 298.15K 
and literature data [31-33] are compared in Table 
1. The small differences between experimental and 
literature data may be attributed to the presence of  
water or non-volatile impurities in the samples.
Experimental procedure
For the preparation of  samples, a Mettler Toledo 
balance with an accuracy of  ± 10-4 g was used and 
the temperature of  mixtures was maintained con-
stant in a thermostatic bath (PoliScience digital 
temperature controller) with a precision ±  0.01 
K. Density measurements were carried out using 
a pycnometer of  approximately 20 cm3. Firstly, the 
pycnometer was calibrated with distilled water of  
known density, and then it was filled with sample 
and immersed in a thermostatic bath. About 120 
min later, the samples was weighed. A cover was 
used in order to prevent the samples from ab-
sorbing water or volatilizing. The uncertainty of  
the density measurements was estimated to be ± 
0.05%. The refractive index was measured in a 
Reichert AR 200 refractometer. The uncertainty in 
the measurements is ± 1x10-4.
Table 1. Density (ρ) and refractive index (n
D
) of  pure components at T= 298.15 K.
component ρ (g cm-3) n
D
Experimental Literature Experimental Literature
[MMim][MeSO
4
] 1.3271 1.3272 [31] 1.4830 1.48270 [31]
heptane 0.6796 0.6796 [32] 1.3853 1.3853 [32]
toluene 0.8622 0.86229 [33] 1.4942 1.4941 [33]
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Determination experimental LLE.
The LLE experiments with the ternary system were 
performed in 30 cm3 glass jacketed vessels with 
screw caps providing hermetic sealing. The mix-
tures were gravimetrically prepared, introduced into 
glass jacketed vessels with magnetic stirrers, and 
closed. The jackets were connected to a thermostat 
bath to maintain a constant temperature of  318.15 
K in the vessels. Previous experiments showed that 
equilibrium was established after about 3 h stirring 
(800 rpm) and then 12 h to ensure thermodynamic 
equilibrium and complete phase separation at con-
stant temperature [34]. Then, samples of  both lay-
ers were withdrawn using syringes. Samples from 
the hydrocarbon-rich phase were analyzed by 1H 
NMR and showed no detectable signals arising 
from the ionic liquid. The phase composition was 
analyzed by gas chromatography using an internal 
standard method. It is important to mention that 
since the ionic liquid is immiscible with the binary 
systems heptane + toluene, the presence of  ionic 
liquid in the hydrocarbon-rich phase was assumed 
to be zero and the ionic liquid composition in the 
other phase was calculated by mass balance. The 
gas chromatograph used was an HP 6890 series 
equipped with a flame ionization detector (FID), 
an HP-FFAP capillary column (25 m x 0.2 mm x 
0.3 µm), and an empty precolumm to protect the 
column and collect the ionic liquid that could not 
be retained by liner. Measurements were done by 
triplicate. The averages of  the three measurements 
were used in our results. The estimated uncertain-
ties in the compositions were calculated as the 
standard deviation of  the measurements, less than 
0.001.  
Results and discussion
The experimental LLE data (tie-lines) for the sys-
tem in study at 318.15 K are show in Table 2. The 
binodal curve and tie-lines presented in Figure 2 
show that toluene and heptane are partially soluble 
in [MMim][MeSO
4
]. The size of  the two-phase re-
gion and, consequently, the tie-lines, is significantly 
large. This suggest that a good separation of  tolu-
ene from heptane using [MMim][MeSO
4
] could 
be possible. The percent removal of  the aromatic, 
distribution coefficient, ß, and selectivity, S, were 
calculated from the experimental composition of  
the tie-line ends as:
where w
LI
 and w
H
 are the amount toluene in ionic 
liquid-rich phase and hydrocarbon-rich phase, re-
spectively.
xI
1
 and xI
2
 are the mole fractions of  heptane and 
toluene, respectively, in the hydrocarbons-rich pha-
se, and xI
1
 and xII
2
 are the mole fractions of  hepta-
ne and toluene, respectively, in the ionic liquid-rich 
phase. Table 2 shows the percent removal of  the 
aromatic, distribution coefficient and selectivity.
Figure 2. Ternary phase diagram of  heptane(x
1
) 
+ toluene(x
2
) + [MMim][MeSO
4
](x
3
) at 318.15 K.
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The selectivity is shown in Figure 3, while the dis-
tribution coefficient is shown in Figure 4. Com-
parisons with literature data for the ternary sys-
tems {heptane (x
1
) + toluene (x
2
) + solvent (x
3
)}, 
solvent = [MMim][MeSO
4
], [EMim][EtSO
4
] and 
sulfolane at T = 313.2 K were also made [10, 22]. 
The literature data for the systems heptane(x
1
) + 
toluene(x
2
) + [MMim][MeSO
4
] (x
3
) are similar to 
our experimental data. The values of  selectivity de-
crease with increasing compositions of  the aroma-
tic compound in the hydrocarbon-rich phase. It has 
been published [18] that the aromatic solutes and 
the ionic liquids cations interact in an alternating 
structure though � - � interactions with ionic liquid 
anions. As the aromatic content increases, the dis-
tance between toluene and cations becomes larger 
and therefore the strength of  interaction and, con-
sequently, the solute distribution ratio is reduced 
[18]. As can be observed in Figure 3, the use of  
ionic liquids leads to selectivity values higher than 
sulfolane (solvent traditional). The high polarity of  
the R-SO
4
 anion could explain this behavior [22]. 
The values of  the experimental selectivity, always 
above 1, suggest that the toluene extraction is pos-
sible with [MMim][MeSO
4
] at 318.15 K. 
The literature data at 313.2 K (see Figure 3) show 
the effect of  the nature of  the ionic liquid, the se-
lectivity values increase in the form [EMim][EtSO
4
] 
< [MMim][MeSO
4
], the alkyl chain length in the 
R-SO
4
 anion and the imidazolium cation grows 
and the selectivity of  toluene decrease, that which 
would mean lesser polarity of  the ionic liquid and 
more affinity toward heptane [22]. The values of  
the distribution coefficients (see figure 4) are lower 
than unity and this implies more complex process-
es and more quantities of  ionic liquid, the low solu-
bility of  toluene in ionic liquid-rich phase, Figure 2, 
explains this behavior and low aromatic recovery 
from their mixture with heptane.
Figure 3. Selectivity as a function of  the fraction 
molar of  toluene in hydrocarbon-rich phase for 
the ternary systems heptane (x
1
) + toluene (x
2
) + 
solvent (x
3
). Solvent: ■: [MMim][MeSO
4
] at 318.15 
K this work, □: [MMim][MeSO
4
] at 313.2 K [22], 
●: [MMim][MeSO
4
] at 313.2 K [10], ▲: [EMim]
[EtSO
4
] at 313.2 K [22], ∆: [EMim][EtSO
4
] at 313.2 
K [10] and ○: sulfolane at 313.2 K [10].
Table 2. Liquid-liquid equilibrium of system heptane (x
1
) + toluene (x
2
) + [MMim][MeSO
4
](x
3
)
at 318.15 K.
Hydrocarbon-rich phase Ionic liquid-rich phase % removal 
of
aromatic
ß S
x
1
x
2
x
3
x
1
x
2
x
3
0.9285
0.8186
0.6755
0.5411
0.4383
0.3231
0.1486
0.0549
0.0715
0.1814
0.3245
0.4589
0.5617
0.6769
0.8514
0.9451
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0012
0.0012
0.0010
0.0009
0.0008
0.0008
0.0006
0.0006
0.0061
0.0146
0.0225
0.0326
0.0429
0.0571
0.0742
0.0824
0.9927
0.9842
0.9765
0.9665
0.9563
0.9421
0.9252
0.9170
3.9
3.7
3.2
3.2
3.5
3.8
3.9
3.9
0.085
0.080
0.069
0.071
0.076
0.084
0.087
0.087
66.01
54.90
46.84
42.71
41.84
34.07
21.58
7.98
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Figure 4. Distribution coefficient for the ternary 
systems heptane (x
1
) + toluene (x
2
) + solvent (x
3
). 
Solvent: ■: [MMim][MeSO
4
] at 318.15 K this work, 
□: [MMim][MeSO
4
] at 313.2 K [22],  ●: [MMim]
[MeSO
4
] at 313.2 K [10], ▲: [EMim][EtSO
4
] at 
313.2 K [22], ∆: [EMim][EtSO
4
] at 313.2 K [10] 
and ○: sulfolane at 313.2 K [10].
The reliability of  the experimental tie-lines can be 
ascertained by applying the Othmer-Tobias equa-
tion [28]:
where w
1
H is the fraction mass of  heptane in the 
hydrocarbon-rich phase; w
3
LI is the fraction mass 
of  ionic liquid in the ionic liquid-rich phase; a and 
b are the adjusted parameters. The linearity of  the 
Othmer-Tobias plot indicates the degree of  con-
sistency of  the data. This procedure has been used 
for many authors [15-18]. The Othmer-Tobias plots 
for the system heptane(x
1
) + toluene(x
2
) + [MMim]
[MeSO
4
](x
3 
) at 318.15 K is shown in the Figure 5. 
The regression coefficient is near 1, which indica-
tes a good degree of  consistency of  the experimen-
tal data.
Figure 5. Othmer-Tobias plot for system 
heptane(x
1
) + toluene(x
2
) + [MMim][MeSO
4
](x
3
), 
at 318.15 K. Adjusted parameters and regression 
coefficient.
Thermodynamic correlation. The experimental 
data obtained in this work were used to test the abi-
lity of  NRTL [29] and UNIQUAC [30] models to 
describe the behavior of  LLE of  ternary systems 
containing ionic liquids.
 
The UNIQUAC model for the excess Gibbs en-
ergy, gE, consists in two parts: a combinatorial, en-
tropic contribution, which accounts the molecules 
size and shape effects, and a residual, enthalpic 
contribution, that accounts for the energy interac-
tion effects [35, 36]. The equation has the form:
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Where the volume fraction and the area fractions 
are given by:
The parameters r and q are molecular structure pa-
rameters of  the pure component (van der Waals 
parameters), representing the volume and the sur-
face area. For each binary mixture there are two ad-
justable parameters, τ
ji
 and τ
ij
, here ∆u
ij
 and ∆u
ji
 are 
characteristics of  the energy of  the i - j interactions 
and are weakly dependents of  temperature.
The required van der Waals parameters of  the 
UNIQUAC model, r
i
 and q
i
, were taken from lit-
erature [35, 36] and they are presented in Table 3.
Table 3. Structural parameters for the
UNIQUAC equation.
Component r
i
q
i
heptane 
toluene 
[MMim][MeSO
4
]
5.174
3.923
6.903
4.396
2.968
5.501
The NRTL model is based on local composition 
and is applicable to partially miscible systems. The 
equations of  NRTL for the activity coefficient in 
multicomponent systems are:
This models has three adjustable parameters for 
each binary pair (τ
ij
, τ
ji 
and ∝
ij
). The parameters τ
ij
 
and τ
ji
 are related to the characteristic energy of  
interaction between the molecules of  type i and j, 
while the parameter ∝
ij
 is related to the nonran-
domness of  the mixture. Following a common 
procedure, the nonrandomness parameter in the 
NRTL equation, ∝
ij
, was set to different values be-
tween 0.05 and 0.2 during calculations, and the best 
results were achieved for the values presented in 
Table 4. 
Parameter estimation: The estimation of  the pa-
rameters of  interaction ∆u
ij
 and ∆u
ji
 of  UNIQUAC 
and ∆g
ij
 and ∆g
ji
 of  NRTL is based on the simplex 
method [37] and consist in the minimization of  a 
concentration-base objective function, F [38]:
Here, D is number of  data sets, N and M are the 
number of  components and tie-lines in each data 
set; the superscripts I and II refer to the two liquid 
phases in equilibrium, while superscripts “exp” and 
“cal” refer to the experimental and calculated val-
ues of  the liquid phase concentration.
The fitting parameters of  the correlation models, 
together with the values of  the root-mean-square 
deviation of  the composition, σ
x
, are listed in Table 
4. This deviation gives an idea of  the quality of  the 
correlation and they were calculated as follows:
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Where x
ijk
exp is the fraction molar of  component i 
in the phase j and in the tie-line k, x
ijk
cal  is the frac-
tion molar calculated with NRTL or UNIQUAC 
and n is the number of  tie-lines.
After the inspection of  the values of  σ
x
 presented 
in Table 4, it can be inferred that the NRTL and 
UNIQUAC models gives slightly lower deviations 
and although both models fit satisfactorily the ex-
perimental data. Table 5 shows the composition of  
the phases calculated from NRTL and UNIQUAC 
models for ternary system heptane (x
1
) + toluene 
(x
2
) + [MMim][MeSO
4
](x
3
) at 318.15 K.
Error of  the distribution coefficient, ∆ß, is calcu-
lated with the following expression:
where M is the number of  tie-lines, ß
k
 is experimen-
tal distribution coefficient (see Table 2) and ß
k
cal is 
distribution coefficient calculated with NRTL and 
UNIQUAC models, values of  ∆ß are presented in 
Table 5. In Figures 6 and 7 the experimental tie-
lines and those obtained from the correlation with 
NRTL and UNIQUAC models are plotted for sys-
tem heptane (x
1
) + toluene (x
2
) + [MMim][MeSO
4
]
(x
3
) at 318.15 K, and the goodness of  the correla-
tion can be visually confirmed.
Figure 6. Ternary phase diagram of  heptane (x
1
) + 
toluene (x
2
) + [MMim][MeSO
4
](x
3
)  at 318.15 K. ■: 
experimental data, □: calculated data from NRTL 
model with ∝
ij
 = 0.20.
Conclusions 
In this work, (liquid+liquid) equilibria for the ter-
nary system heptane (x
1
) + toluene (x
2
) + [MMim]
[MeSO
4
](x
3
)  was determined at T = 318.15 K and 
atmospheric pressure. Selectivity and distribution 
coefficient were calculated from experimental data. 
The selectivity was higher than those of  sulfola-
ne on the whole range of  compositions. However, 
the distribution coefficients of  toluene were lower. 
It can be concluded that [MMim][MeSO
4
] can be 
used to separate toluene from heptane since the 
Table 4. Values of  the NRTL and UNIQUAC binary interactions parameters and deviations for LLE 
data of  ternary system at T=318.15 K.
i - j NRTL UNIQUAC
g
ij
 - g
jj
,
kJ mol-1
g
ji
 - g
ii
,
kJ mol-1
∝
ij
σ
x
∆u
ij
,
kJ mol-1
∆u
ji
,
kJ mol-1
σ
x
heptane(x
1
) + toluene(x
2
) + [MMim][MeSO
4
](x
3
)  
1 - 2        2 - 1
1 - 3        3 - 1
2 - 3        3 - 2
8.212
140.589
19.732
-4.747
25.924
2.750
0.20 0.065
-1.735
5.162
105.253
2.171
1.631
-0.293
0.097
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selectivity values are higher than unity, but taken 
into account that distribution coefficient values are 
less than unity, a high number of  stages would be 
necessary. Regarding the planning for a process, it 
is important to consider that ionic liquids are easily 
recovered.
The consistency of  the LLE data was proved by 
the linearity of  Othmer-Tobias equation and the 
NRTL and UNIQUAC models satisfactorily corre-
late the experimental LLE data. 
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Table 5.  Composition of  the phases calculated from NRTL and UNIQUAC models for ternary system 
heptane (x
1
) + toluene (x
2
) + [MMim][MeSO
4
](x
3
) at 318.15 K.
Hydrocarbon-rich phase Ionic liquid-rich phase ß
k
cal ∆ß
x
1
cal x
2
cal x
3
cal x
1
cal x
2
cal x
3
cal
heptane(x
1
) + toluene(x
2
) + [MMim][MeSO
4
](x
3
) with NRTL model (∝
ij
 = 0.20)
0.9287
0.8179
0.6757
0.5414
0.4381
0.3220
0.1480
0.0549
0.0711
0.1819
0.3239
0.4583
0.5616
0.6777
0.8518
0.9449
0.0002
0.0002
0.0004
0.0003
0.0003
0.0003
0.0002
0.0002
0.0001
0.0002
0.0004
0.0007
0.0010
0.0014
0.0014
0.0007
0.0065
0.0138
0.0229
0.0333
0.0430
0.0555
0.0747
0.0830
0.9934
0.9860
0.9767
0.9660
0.9560
0.9431
0.9239
0.9163
0.091
0.076
0.071
0.073
0.076
0.082
0.088
0.088
3.58
heptane(x
1
) + toluene(x
2
) + [MMim][MeSO
4
](x
3
) with UNIQUAC model
0.9273
0.8169
0.6760
0.5421
0.4388
0.3226
0.1488
0.0554
0.0727
0.1831
0.3240
0.4579
0.5612
0.6774
0.8512
0.9446
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0015
0.0013
0.0011
0.0009
0.0007
0.0005
0.0002
0.0001
0.0048
0.0125
0.0233
0.0344
0.0438
0.0552
0.0733
0.0831
0.9937
0.9862
0.9756
0.9647
0.9555
0.9443
0.9265
0.9168
0.066
0.068
0.072
0.075
0.078
0.081
0.086
0.088
10.04
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